Although surgery remains the mainstay of curative treatment for colorectal cancer (CRC), many patients still have high chance to experience disease relapse. It is therefore imperative to identify prognostic markers that can help predict the clinical outcomes of CRC. Aberrant microRNA expression holds great potential as diagnostic and prognostic biomarker for CRC. Here we aimed to investigate clinical potential of miR-34a-5p as a prognostic marker for CRC recurrence and its functional significance. First, we validated that miR-34a-5p was downregulated in CRC tumour tissues (P o 0.05). The expression level of tissue miR-34a-5p was then evaluated in two independent cohorts of 268 CRC patients. miR-34a-5p expression was positively correlated with disease-free survival in two independent cohorts (cohort I: n = 205, P o0.001; cohort II: n = 63, P = 0.006). Moreover, the expression of miR-34a-5p was an independent prognostic factor for CRC recurrence by multivariate analysis (P o 0.001 for cohort I, P = 0.007 for cohort II). Ectopic expression of miR-34a-5p in p53 wild-type colon cancer cell HCT116 significantly inhibited cell growth, migration, invasion and metastasis. miR-34a-5p induced cell apoptosis, cell cycle arrest at G1 phase and p53 transcription activity in HCT116 cells, but not in the HCT116 p53 knockout (p53 − / − ) cells. miR-34a-5p significantly suppressed the HCT116 growth in vivo, whereas it showed no effect on the HCT116 p53 − / − xenograft, indicating that the growth-inhibiting effect by miR-34a-5p was dependent on p53. In addition, the expression level of miR-34a-5p in patients with p53-positive expression was higher than that in patients with p53-negative expression (P o 0.01). In conclusion, miR-34a-5p inhibits recurrence of CRC through inhibiting cell growth, migration and invasion, inducing cell apoptosis and cell cycle arrest in a p53-dependent manner.
INTRODUCTION
Colorectal cancer (CRC) is potentially curable by surgery. Radical surgery is still the major method to treat CRC. 1 However, recurrence following radical surgery is the leading factor to imply poor prognosis. 2 Although adjuvant chemotherapy can benefit patients with stage III disease, its role in patients with stage II CRC remains controversial due to the lack of data showing a definite benefit of chemotherapy in this group of patients as a whole. It is crucial to identify reliable predictive biomarkers that can guide personalized chemotherapy. The molecular aetiology of CRC has facilitated the identification of promising biomarkers. 3, 4 However, despite significant methodological progress, suitable biomarkers have not been identified yet for guiding the adjuvant treatment for stage II CRC cancer.
There is increasing evidence indicating that microRNAs (miRNAs) are critically important in the development of CRC. 5 Aberrant miRNA expression holds great potential as diagnostic and prognostic biomarker for CRC. 6 We have previously reported that tumour-associated miRNAs can be detected in the plasma or stool samples from patients suffering from CRCs as novel noninvasive biomarkers for the detection of this disease. [7] [8] [9] Some miRNAs have been demonstrated to be associated with the recurrence of human cancers, including miR-375/miR-142-5p in gastric cancer, miR-21/miR-155 in non-small cell lung cancer and miR-29a-5p in liver cancer. [10] [11] [12] miR-34a-5p (MIMAT0000255) has been reported to be a direct transcriptional target of p53 and downregulated in several tumours. 13, 14 miR-34a-5p has been reported to inhibit cell invasion and migration in in vitro experiments, [15] [16] [17] [18] which suggested that miR-34a-5p might have some role in inhibiting tumour recurrence. However, the functional role of miR-34a-5p in CRC and its potential utility for the prediction of CRC recurrence are still unknown. In this study, we investigated the clinical impact of miR-34a-5p as a recurrence biomarker for stage II and stage III CRC patients. Moreover, the biological functions and the possible molecular basis of miR-34a-5p in CRC were characterized in vitro and in vivo.
RESULTS
The clinicopathological characteristics of CRC patients The characteristics of 268 CRC patients related to the recurrence status are shown in Table 1 . There were no significant differences in age, gender, depth of penetration, differentiation and adjuvant chemotherapy between patients with or without recurrence, except for lymph node metastasis in cohort I and cohort II, tumour site in cohort II and lymph-vascular invasion in cohort I. miR-34a-5p was downregulated in primary CRC tissues Quantitative PCR was conducted to detect miR-34a-5p expression in 10 CRC tumours and matched adjacent non-tumour tissues. Among 10 paired CRC tissues and adjacent non-tumour tissues, 9 tumours showed lower miR-34a-5p expression when compared with matched non-tumour tissues (P o0.05; Figure 1a ). Moreover, p53 levels were positively correlated with miR-34a-5p expression in the tumour specimen (r 2 = 0.9678, P o 0.0001; Supplementary Figure S1A ). miR-34a-5p was downregulated in CRC patients with recurrence We examined the expression of miR-34a-5p in patients with or without recurrence. The RNA quality and normalizer RNU6B level are comparable between recurrence or non-recurrence groups. The expression level of miR-34a-5p in tumour tissue of patients with recurrence was significantly lower than that in patients without recurrence (P o0.001; Supplementary Figure S1B ). miR-34a-5p expression as an independent predictor for CRC recurrence We further evaluated the correlation of miR-34a-5p expression with CRC clinicopathological features. Receiver-operating characteristic curve of miR-34a-5p has area under the curve value of 0.779 ( Figure 1b) . A cut-off value (0.3072866 calculated by 2 − ΔΔCt method) that maximizes the sum of sensitivity and specificity was selected. miR-34a-5p had a sensitivity of 81.9% and a specificity of 72% in cohort I. miR-34a-5p expression higher than the cut-off level was defined as high expression. According to the cut-off level from receiver-operating characteristic curve (Figure 1b ), 103 CRC patients showed high miR-34a-5p expression and 102 CRC patients showed low miR-34a-5p expression in cohort I, and 32 patients showed high miR-34a-5p expression and 31 patients showed low miR-34a-5p expression in cohort II. miR-34a-5p was not associated with clinicopathological features including sex, age, primary tumour site, depth of penetration, lymph node metastasis or differentiation (data not shown).
The 3-year recurrence rate in patients with miR-34a-5p low expression was significantly higher than that in patients with miR-34a-5p high expression (P o 0.001 for cohort I, Figure 1c1 ). The prognostic potential of miR-34a-5p was further analysed in stage II (n = 91) and III (n = 114) of cohort I CRC patients separately. Kaplan-Meier analysis suggests that miR-34a-5p is a strong independent predictor for recurrence in both stage II (P = 0.001) and stage III (P o 0.001) patients ( Figure 1d ). Among patients with recurrence in cohort I, the median disease-free survival in patients with miR-34a-5p low expression (13.9 months, 95% confidence Figure S1C ). We next validated our result in an independent cohort of 63 stage II/III CRC patients. In consistent with the survival result of cohort I, the patients in cohort II with low expression of miR-34a-5p have a high risk of disease relapse (P = 0.006, Figure 1c2 ). Multivariate Cox regression analysis confirmed that miR-34a-5p expression was an independent predictor for recurrence (hazard ratio = 3.819, 95% confidence interval = 2.438-5.983, P o0.001 for cohort I; hazard ratio = 2.973, 95% confidence interval = 1.339-6.602, P = 0.007 for cohort II; Table 2 ).
Ectopic expression of miR-34a-5p inhibited the growth of colon cancer cells Downregulation of miR-34a-5p in CRC tissues suggested that miR-34a-5p might act as a tumour suppressor. miR-34a-5p is a direct transcript target of p53. Reciprocally, miR-34a-5p enhances p53 level and activates p53 signalling pathway through positive feedback loops. 19 To assess the biological function of miR-34a-5p and whether its tumour suppressive capacity is dependent on p53 status, we investigated the effect of ectopic expression of miR-34a-5p on the growth in p53 wild-type HCT116 colon cancer cell line and the HCT116 p53 − / − cell line in which both alleles of p53 were inactivated by homologous recombination. Ectopic expression of miR-34a-5p was confirmed by quantitative PCR (Figure 2a ). Cell viability assay indicated that ectopic expression of miR-34a-5p could inhibit the growth of HCT116 cells (Po 0.01), but had no effect on HCT116 p53 − / − cells (Figure 2b ), which was further validated by colony formation assay. For HCT116 cells, the colonies formed by miR-34a-5p ectopic expression were significantly fewer than those formed by miR-Ctrl (P o 0.05). However, no difference was observed in HCT116 p53 − / − cells (Figure 2c ). miR-34a-5p suppressed the colon cancer cell growth in vivo HCT116 and HCT116 p53 − / − cells transfected with miR-34a-5p or miR-Ctrl were injected subcutaneously into nude mice to establish xenografts in vivo. Our results demonstrated that, in contrast to HCT116 cells transfected with miR-Ctrl, the growth of tumours formed by HCT116 cells transfected with miR-34a-5p was significantly suppressed (P o0.05), but no difference was observed in tumours established by HCT116 p53 − / − cells transfected with miR-34a-5p or miR-Ctrl (Figure 2d ), indicating that the growth-inhibiting effect by miR-34a-5p was dependent on p53. miR-34a-5p attenuated migration, invasion and metastasis ability of HCT116 cells in vitro and in vivo miR-34a-5p was downregulated in CRC patients with recurrence, indicating that miR-34a-5p might have a role in inhibiting cell migration and invasion. We assessed the potential role of miR-34a-5p in colon cancer cell migration and invasion by wound healing assay and Matrigel invasion assay. The results showed that, compared with control cells, miR-34a-5p could significantly inhibit the migration (P o0.001; Figure 3a ) and invasion (P o0.05; Figure 3b ) ability in HCT116 cells, but not in HCT116 p53 − / − cells.
HCT116 cells with stable expression of miR-34a-5p or control were injected intravenously through the tail vein into nude mice. The results indicated that, compared with the pMIR34a-5p stable expression group (no metastatic focus was found in seven mice), the number of metastatic foci in the lung tissues of control group was increased (numerous metastatic foci in one mouse, two metastatic foci in two mice, no metastatic foci in four mice; P = 0.0507; Figure 3c ), indicating the inhibiting effect of metastasis by miR-34a-5p.
We investigated the key regulators to be involved in the process of cell growth, migration and invasion in several malignancies. It was reported that silent information regulator 1 (SIRT1), c-Myc, NOTCH1, matrix metalloproteinase 1 (MMP1) and BCL2 were miR-34a-5p targets. [20] [21] [22] [23] We found that miR-34a-5p inhibited the expression of SIRT1, c-Myc, NOTCH1 and MMP1, but not BCL2 in HCT116 cells ( Figure 3d ). The inhibition effects were more prominent in p53 wild-type HCT116 compared with p53 − / − HCT116 cells (Supplementary Figure S2) . Moreover, Krüppel-like factor 4 (KLF4) was reported to act as an oncogene in colon cancer and a direct target of miR-34a-5p in liver cancer. 24, 25 We attached the predicted KLF4 3'UTR-binding sites as well as its mutant form to firefly luciferase reporter ( Figure 4a ). HCT116 cells transfected with miR-34a-5p repressed wild-type KLF4-3'UTR reporter activity. On the other hand, miR-34a-5p showed no inhibition effect on the mutant KLF4-3'UTR reporter activity ( Figure 4b ). Ectopic expression of miR-34a-5p induces KLF4 mRNA degradation and suppresses the KLF4 protein level (Figures 4c and d) . These results indicate that miR-34 also targeted KLF4 in CRC cells. Taken together, our results add further weight for the tumour suppressive function of miR-34a-5p in CRC. miR-34a-5p induced cell cycle arrest at G1 phase by activation of p53/p21 pathway To explore the potential mechanisms responsible for the inhibitory effect of miR-34a-5p in CRC cells, cell cycle analysis was conducted. The percentage of cells accumulated in G1 phase was significantly increased in HCT116 cells after transfection of miR-34a-5p (65.3%) compared with control (49.8%; P o0.05; Figure 5a ). Concomitant with cell cycle arrest at G1 phase, the miR-34a-5p predicts recurrence of CRC J Gao et al expressions of p53 and its downstream proteins p21 and p27 were upregulated, with cyclin-dependent kinase (CDK4) and cyclin D1 downregulated ( Figure 5c ). However, the effect of miR-34a-5p on G1 cell cycle regulation was not observed in HCT116 p53 − / − cells ( Figure 5b ), and the protein expression of cell cycle related regulators was not changed by miR-34a-5p in HCT116 p53 − / − cells ( Figure 5c ).
miR-34a-5p induced apoptosis in HCT116 cells by activation of caspase-dependent pathway
To determine whether the decrease in colon cell growth by miR-34a-5p was due to induction of apoptosis, the cellular apoptotic rate was appraised using annexin V-allophycocyanin (V-APC) and 7-amino-actinomycin (7-AAD) staining by flow cytometry. As shown in Figures 5d and e, compared with control, the proportion of early apoptotic cells in HCT116 cell line was significantly increased after transfection of miR-34a-5p (P o 0.05; Figure 5d ), this was not found in HCT116 p53 − / − cells ( Figure 5e ). Induction of apoptosis was further confirmed by the analysis of the expression of apoptosis-related proteins by western blot. As shown in Figure 5f , the protein level of the active forms of caspase-9, caspase-7, nuclear poly (ADP-ribose) polymerase (PARP), Bak and Bax was enhanced, but the anti-apoptosis gene survivin was inhibited in the miR-34a-5ptransfected HCT116 cells compared with the control cells, but not in HCT116 p53 − / − cells.
miR-34a-5p increased p53 luciferase reporter activity in HCT116 cells From the above results, we found that miR-34a-5p had a strong tumour suppressive ability for colon cancer in the presence of p53, and the inhibitory effect of miR-34a-5p abolished when p53 was absent. To further elucidate the interaction of miR-34a-5p with p53, p53 luciferase reporter was transfected together with miR-34a-5p or miR-Ctrl in HCT116 and HCT116 p53 − / − cells. As expected, p53 luciferase activity was significantly increased after transfection of miR-34a-5p in HCT116 cells (P o 0.001), but not in HCT116 p53 − / − cells (Figure 6a ). However, a direct interplay between miR-34a-5p and p53 was not demonstrated due to the reported evidence that p53 directly regulates miR-34a-5p and miR-34a-5p indirectly regulates p53.
miR-34a-5p expression was positively associated with p53 expression in primary CRC tumour tissues Among 205 CRC cases in cohort I, 151 patients had p53-positive expression and 54 patients had p53-negative expression as detected by immunohistochemistry (Figure 6b ). The expression level of miR-34a-5p in patients with p53-positive expression was higher than that in patients with p53-negative expression (P o 0.01; Figure 6c ). Moreover, miR-34a-5p could predict recurrence better in patients with p53-positive expression (P o 0.001) than in patients with p53-negative expression (P o 0.05; Figure 6d ). 
DISCUSSION
In this study, we demonstrated that miR-34a-5p was downregulated in primary CRC tumour tissues. Promoter hypermethylation of miR-34a-5p was reported to be one of the mechanisms resulting in downregulation of miR-34a-5p expression. 26 In keeping with our finding, downregulation of miR-34a-5p has been reported in other solid cancers, including gastric cancer, liver cancer and non-small cell lung cancer. [15] [16] [17] [18] However, the clinical impact of miR-34a-5p dysregulation in human cancer remains to be investigated. We investigated the association between miR-34a-5p expression and disease recurrence in CRC. Among our two cohorts of stage II and III primary CRC tumours, miR-34a-5p expression level in patients with recurrence was significantly lower than that in patients without recurrence (P o 0.001; Supplementary Figure  S1B ). Besides, miR-34a-5p low expression was related to poor disease-free survival and high 3-year recurrence rate by Kaplan-Meier curves and log-rank test (Figure 1c ). These results imply that the miR-34a-5p downregulation may specifically predict the most aggressive and fatal types of CRC in cases with stage II/III disease. Indeed, multivariate Cox regression analysis indicated that miR-34a-5p was a potential predictor for the recurrence of patients with stage II/III CRC ( Table 2) .
In supporting this, recent studies have demonstrated that several other miRNAs such as miR-21, miR-362-3p and miR-93 were associated with recurrence of CRC. [27] [28] [29] Their results are complementary to ours and suggest that dysregulated miRNAs in tumours could predict recurrence of CRC.
It was reported that miR-34a-5p was a direct transcript target of p53. Reciprocally, miR-34a enhances p53 level and activates p53 signalling pathway through the following mechanisms: (1) miR-34a-5p/MDM4/p53 loop. miR-34a-5p represses its direct target MDM4, leading to stabilization of p53 and sustainable expression of miR-34a-5p; 30 (2) miR-34a-5p/SIRT1/p53 loop. miR-34a-5p inhibits its direct target SIRT1, leading to an increase miR-34a-5p predicts recurrence of CRC J Gao et al in acetylated p53. Acetylated p53 at amino acid K382 abrogates p53 ubiquitination by MDM2 and therefore stabilizes p53 protein. 19, 31, 32 These data collectively suggest that miR-34a-5p indirectly upregulates p53 through suppressing its direct targets MDM4 and SIRT1. Biological functions of miR-34a-5p were therefore analysed in HCT116 and HCT116 p53 − / − cells in this study. Our results showed that ectopic expression of miR-34a-5p in HCT116 cells could inhibit cell proliferation, decrease colony formation, suppress cell mobility and invasion and inhibit tumorigenesis in nude mice. However, these effects were not observed in HCT116 p53 − / − cells. Moreover, miR-34a-5p could increase p53 luciferase activity in HCT116 cells (P o0.001), but not in HCT116 p53 − / − cells (Figure 6a ). These results suggested that the tumour inhibitory effect of miR-34a-5p in CRC was dependent on p53. The positive correlation between miR-34a-5p and p53 expression in primary CRC patients further confirmed the importance of p53 in involving in the functional suppression of CRC by miR-34a-5p, although further validation is warranted in a large-scale samples with p53 mutant status. As shown in Figures  6c and d , miR-34a-5p level in patients with p53-positive expression was higher than those with p53-negative expression. miR-34-5p expression is correlated to disease-free survival in either p53-positive or -negative tumour patients. Cancer stem cells are a population of heterogeneous tumours that are crucial for tumour initiation and recurrence. Previous studies suggested that miR-34a-5p inhibited colon cancer stem cell self-renewal and promoted daughter cell differentiation by targeting NOTCH pathway. 22 However, the cell lines we used in the current study are all differentiated cells and therefore miR-34a-5p showed a limited effect on the p53 − / − cells in a short-term observation period. These may explain the discrepancy between in vitro assay and clinical outcome results.
Several target genes regulated by miR-34a-5p were reported to be involved in the process of cell growth, migration and invasion in several malignancies, such as miR-34a-5p target SIRT1, c-Myc, NOTCH1, MMP1, KLF4 and BCL2. [19] [20] [21] [22] [23] [24] [25] We demonstrated that miR-34a-5p inhibited protein expression of oncogenic genes SIRT1, c-Myc, NOTCH1 and KLF4 in colon cancer cells (Figure 3d ). The inhibition effects are more prominent in p53 wild-type HCT116 compared with p53 − / − HCT116 cells due to the miR-34a-5p/MDM4/p53 loop and miR-34a-5p/SIRT1/p53 loop. MMP1 involved in cancer invasion and metastasis by degrading the extracellular matrix. MMP1 lacks potential miR-34a-5p-binding sequence; previous studies suggest that wild-type p53 represses MMP1 transcription through regulation of its promoter activity. 33 Our data demonstrated that miR-34a suppressed MMP1 at both mRNA level and protein level in a p53-dependent manner, suggesting an indirectly regulation of MMP1 by miR-34a-5p. This mechanism could, at least, partially explain the p53-dependent miR-34a-5p repression of cell migration and invasion. Thus, the Figure 6e . To identify the possible mechanisms involved in the inhibitory effect of miR-34a-5p, cell cycle and cell apoptosis were conducted. In keeping with the tumour suppressive role, fluorescenceactivated cell sorting analysis of the effects of miR-34a-5p on the cell cycle in colon cancer cells revealed a concomitant increase of cells in G0/G1, which lead to the inhibition of cell proliferation. On the basis of the immunoblot analysis of negative cell cycle regulators, G0/G1 arrest by miR-34a-5p was most likely associated with the induction of p53, p21 and p27 (Figure 5c ). It is well known that p53 can induce cell cycle arrest through transcriptional upregulation of the CDK inhibitor p21 and p27, a major player in G1 arrest. 34, 35 Cyclin D1-CDK4 complex accumulation is of great importance for G0/G1 cell cycle progression. In this regard, miR-34a-5p causes G1 cell cycle arrest in colon cancer that was at least by a mechanism involving upregulation of protein expression of p53, p21 and p27, and downregulation of cyclin D1 and CDK4, which was summarized in Figure 6e .
In addition to inhibition of cell proliferation, the growthinhibitory effect of miR-34a-5p was also related to induction of apoptosis. We observed that induction of miR-34a-5p-mediated apoptosis occurs by the modulation of caspase apoptosis pathway. The protein expression of the downstream apoptosis executors caspase-9, caspase-7, caspase-3 and PARP was upregulated. Activation of caspase-9 processes other effector caspase members, including caspase-3 and caspase-7 to initiate a caspase cascade, which further initiates the proteolytic cleavage of the nuclear enzyme PARP and causes apoptosis. Pro-apoptotic Bax and Bak have been implicated in the regulation of p53-dependent apoptosis. 36 Survivin, an inhibitor of apoptosis protein, is highly expressed in most cancers and associated with increased tumorigenesis. Taken together, as described in Figure 6e , the induction of apoptosis by miR-34a-5p in CRC is mediated by Our study is a retrospective study. Further prospective studies are warranted for validation of the prognostic power of the candidate miRNA in CRC.
In conclusion, we found for the first time that miR-34a-5p downregulation could predict high risk of recurrence in CRC patients after radical surgery, which may be used as a potential recurrence biomarker for the recurrence of the stage II/III CRC patients. miR-34a-5p acts as a tumour suppressor in CRC in a p53dependent manner.
MATERIALS AND METHODS

Patients and sample collection
This study included two cohorts of CRC patients receiving radical surgery in two departments of Peking University Cancer Hospital from 2002 to 2010 (cohort I: n = 205; cohort II: n = 63). All patients were pathologically confirmed as stage II and stage III CRC (the Union for International Cancer Control staging system) and had snap-frozen surgical tumour or nontumour tissues stored at − 80°C before any therapy. The clinicopathological characteristics of all patients with disease recurrence (n = 133, local recurrence or distant metastasis) or without disease recurrence (n = 135) within 3 years after surgery are shown in Table 1 . Patients with stage II and III CRC, and with clinicopathological characteristics and follow-up information available, were included. We excluded patients if they had any previous chemoradiotherapy treatment, metachronous or synchronous cancers. The clinical data of patients were retrospectively obtained from their medical records and the last follow-up was in January 2012. Patients who developed any local recurrence or distant metastasis diagnosed by computerized tomography scan within 3 years after surgery are defined as patients with recurrence. All patients had given written informed consent for their tissues to be used in the future research. This study was approved by the Ethics Committee of Peking University Cancer Hospital.
Colon cancer cell lines HCT116 was obtained from the American Type Culture Collection (Manassas, VA, USA), and HCT116 p53 − / − cell line was kindly provided by Professor Bert Vogelstein (Johns Hopkins University). Cells were cultured in McCoy's 5A modified medium (Invitrogen, Carlsbad, CA, USA) supplemented with 10% fetal bovine serum (Gibco BRL, Invitrogen) and incubated in a humidified 37°C incubator supplemented with 5% CO 2 .
RNA extraction and miRNA expression analyses
Hematoxylin and eosin staining was performed for each surgical sample. Tumour tissues samples with the cancer cells 460% were eligible for RNA isolation and real-time PCR analysis. Total RNA was freshly extracted from tissues or cell pellets using Trizol reagent according to the manufacturer's instructions (Invitrogen). The RNA samples with OD260/OD280 ratio ranged between 1.9 and 2.0 were considered as good quality. The reverse transcription and quantitative PCR for miR-34a-5p and endogenous control RNU6B were conducted by using TaqMan MicroRNA Assays (Applied Biosystems, Foster City, CA, USA). The relative expression of miR-34a-5p was calculated using the comparative Ct method. instructions. The absorbance was measured at 490 nm using a spectrophotometer once a day for consecutive 5 days. The MTS assay read was calculated relative to day 1.
Cell viability assay
Colony formation assay
Cells were transfected with miR-34a-5p or miR-Ctrl using lipofectamine 2000 (Invitrogen). After 48 h of transfection, cells were subcultured in a sixwell plate (1000 cells/well) for about 10 days. Colonies were stained with 5% crystal violet solution and counted. All experiments were performed in triplicate wells.
Cell migration assay
After cells were transfected with miR-34a-5p or miR-Ctrl for 48 h, cell migration was performed using wound healing assay. The degree of wound sealing was calculated according to the distance of two flanks of the wound once a day for 3 days.
Cell invasion assay
Cells were transfected with miR-34a-5p or miR-Ctrl for 48 h, and cell invasion was performed by Matrigel invasion assay (BD Biosciences, Erembodegem, Belgium). Cells in the upper compartment of the chamber were suspended in serum-free medium, and the lower chamber contained medium supplemented with 20% fetal bovine serum. After 24 h incubation, cells that passed through the matrigel membrane were fixed and stained with crystal violet, followed by counting from five random microscopic fields.
Cell cycle assay
After transfection with miR-34a-5p or miR-Ctrl for 48 h, cells were collected and fixed in 70% cold ethanol for at least 12 h at 4°C. Cells were stained with 50 μg/ml propidium iodide (BD Biosciences) at room temperature for 30 min in dark, and cell cycle was performed by FACS Calibur system (BD Biosciences) and analysed by ModFit 3.0 software (Verity Software House, Topsham, ME, USA).
Annexin V apoptosis assay
Cell apoptosis was conducted by staining with APC and 7-AAD (BD Biosciences) for 15 min at room temperature in dark, followed by flow cytometry within 1 h (BD Biosciences). Cell apoptosis was analysed by WinMDI 2.9 software (The Scripps Research Institute, La Jolla, CA, USA).
Western blot
Total protein was extracted from cell pellets using CytoBuster Protein Extraction Reagent (Merck Millipore, Darmstadt, Germany). Protein concentration was measured by the DC protein assay method of Bradford (Bio-Rad, Hercules, CA, USA), and 10-20 mg of protein from each sample was separated on 12% SDS-polyacrylamide gel electrophoresis. After transfer, the nitrocellulose membrane (GE Healthcare, Piscataway, NJ, USA) was incubated with primary antibody at 4°C overnight and secondary antibody at room temperature for 1 h (antibody list is shown in Supplementary Table S1 ). Proteins were visualized using ECL Plus Western Blotting Detection Reagents (GE Healthcare).
In vivo tumorigenicity HCT116 and HCT116 p53 − / − cells (2 × 10 6 ) transfected with miR-34a-5p or miR-Ctrl were suspended in 0.1 ml phosphate buffered saline, and injected subcutaneously into the dorsal left flank of 5-week-old female Balb/c nude mice (five mice per group). miRNAs were prepared by pre-incubating 0.3 nmole miRNA with 2.5 μl lipofectamine 2000 (Invitrogen) for 15 min and injections were made in a final volume of 100 μl in McCoy's 5 A medium (Sigma-Aldrich, St Louis, MO, USA) per mouse. The injection was repeated every 3 days and consisted of three consecutive injections. 37 Tumour was measured twice every week from the first injection and tumour volume was calculated by the formula V = L × W 2 × 1/2 (V, volume; L, length; W, width of tumour). All animal experiments were performed in accordance with the animal experimental guidelines of Chinese University of Hong Kong.
In vivo metastasis assay miR-34a-5p expressing plasmid (PMIRH34a-5pPA-1) and control plasmid PMIRH000PA-1 were purchased from System Biosciences (San Francisco, CA, USA). Stable miR-34a-5p-expressing cell line and control cell line were created through lentivirus infection (Lentivector Expression Systems, System Biosciences). Female Balb/c nude mice (5 weeks old) were used (seven mice per group). Stable miR-34a-5p-expressing or control HCT116 cells (1 × 10 6 ) were injected intravenously through the tail vein into each nude mouse. All mice were killed 6 weeks after injection. The lungs from each mouse were excised and embedded in paraffin for hematoxylin and eosin staining. All animal experiments were performed in accordance with the animal experimental guidelines of Chinese University of Hong Kong.
Vector construction and Luciferase reporter assay
The potential miR-34a-5p-binding sites were predicted by miRanda (www. microRNA.org). Sequence of 56 bp segment with the wild-type or mutant seed region of KLF4 was synthesized and cloned into pMIR-REPORT luciferase vector (Applied Biosystems; Life Technologies). The mutant KLF4 3′UTR sequence was prepared by deleting nine nucleotides in the seed region. Cells (1 × 10 5 /well) transiently transfected with miR-34a-5p or miR-Ctrl (at 20 nM final concentration) were seeded in 24-well plates. pMIR-REPORT vector (195 ng/well) and pRL-TK vector (5 ng/well) were cotransfected using lipofectamine 2000 (Invitrogen). Cells were collected 48 h post transfection and luciferase activities were analysed by the dualluciferase reporter assay system (Promega).
Cells in 24-well plates were co-transfected with p53 reporter plasmid (contains 13 copies of the wild-type p53 response elements) and miR-34a-5p or miR-Ctrl using lipofectamine 2000 (Invitrogen). After 48 h, luciferase activity was analysed by dual-luciferase reporter assay system according to the manufacturer's instructions (Promega).
Statistical analysis
Statistical analysis was performed using SPSS 18.0 software (SPSS Inc., Chicago, IL, USA). The χ 2 -test was used to analyse the relationships between clinicopathological characteristics and miR-34a-5p expression. The Kaplan-Meier survival curve and log-rank test were used to describe disease-free survival to miR-34a-5p expression. Multivariate Cox regression model was employed to analyse predictive variety. The difference in miR-34a-5p expression between tumour and non-tumour tissues or patients with or without recurrence was compared by Mann-Whitney Utest. Repeated measures analysis of variance and χ 2 -test were used to compare the difference in cell or tumour growth and the numbers of metastatic foci between two groups of cells or mice. A cut-off value was selected using receiver-operating characteristic curves for reference, based on high sensitivity and specificity. Po0.05 was considered statistically significant.
